Background: The metabolism of tyrosine kinase inhibitors (TKIs) is mainly mediated via hepatic route, but the mechanism responsible for their hepatocellular accumulation is still unknown. This study was designed to understand the contribution of organic anion transporting polypeptides (OATPs) in the hepatic uptake of selected TKIs -pazopanib, canertinib, erlotinib, vandetanib and nilotinib. Methods: Michaelis-Menten (MM) kinetic parameters for TKIs were determined by concentration-dependent cellular accumulation of selected TKIs using Chinese hamster ovary cells -wild type as well as transfected with humanized OATP-1B1 and OATP-1B3 transporter proteins. Results: The MM constant (K m ) values of OATP-1B1 for nilotinib and vandetanib are 10.14 ± 1.91 and 2.72 ± 0.25 μM, respectively, and V max values of OATP-1B1 for nilotinib and vandetanib were 6.95 ± 0.47 and 75.95 ± 1.99 nmol/mg protein per minute, respectively. Likewise, K m values of OATP-1B3 for canertinib, nilotinib and vandetanib were 12.18 ± 3.32, 7.84 ± 1.43 and 4.37 ± 0.79 μM, respectively, and V max values of OATP-1B3 for canertinib, nilotinib and vandetanib were 15.34 ± 1.59, 6.75 ± 0.42 and 194.64 ± 10.58 nmol/mg protein per minute, respectively. Canertinib did not exhibit any substrate specificity toward OATP-1B1. Also, erlotinib and pazopanib did not exhibit any substrate specificity toward OATP-1B1 and -1B3. Conclusions: Because selected TKIs are the substrates of OATP-1B1 and -1B3 expressed in hepatic tissue, these
Introduction
Hepatic uptake of drugs is mediated via various members of membrane transporter families. Membrane transporters localized on the basolateral side of hepatic tissue are known to play an important role in the uptake of therapeutic agents/metabolites from blood into the hepatocytes. This uptake process is recognized as the first step in hepatocellular elimination and plays a vital role in hepatic drug disposition. Organic anion transporting polypeptides (OATPs) appear to play a critical role in bioavailability, distribution and excretion of numerous exogenous amphipathic organic anionic compounds including anionic oligopeptides, steroid conjugates, organic dyes, bile salts, thyroid hormones and many drugs such as pravastatin and rifampicin [1] [2] [3] [4] .
Tyrosine kinase inhibitors (TKIs) target the intracellular tyrosine kinase domain of various tyrosine kinase receptors, which are often overexpressed in cancer tissues. Human genome sequence data have indicated that deregulation of the protein kinase pathway is one of the main mechanisms underlying tumor growth. Over the past few years, attention has been focused toward the discovery of a targeted therapy that will act against defining characteristics of cancer resulting from abnormal function of protein kinases [5, 6] . In the past decade, the US Food and Drug Administration has approved several TKIs. Many of these compounds have been associated with low patient response along with unwanted effects of toxicity, which is unexpected and largely unexplained. Comprehensive data from Phase I studies of these TKIs establishes the optimized dose for Phase II. Even though TKIs offer theoretical advantages (selectively target/kill the cancer precursor cells and protect normal tissues) over traditional anticancer agents, these agents are still associated with unpredictable clinical effects because of interindividual pharmacokinetic variability and narrow therapeutic window [5, 7] . Substantial interindividual differences in the concentration-time profiles of TKIs range from 32% to 118% and is mostly unexplained. Many TKIs exhibit limited efficacy with significant degree of unexpected and unexplained toxicity [8] . Interindividual pharmacokinetic variation in TKIs can have both genetic and nongenetic origins. This pharmacokinetic variation can be due to many plausible sources, including interindividual differences in absorption, distribution, metabolism and excretion (ADME). TKIs are primarily metabolized in the liver by CYP enzymes (mainly CYP3A4) and are eliminated via the biliary excretion route in the feces as unchanged drug or metabolites [8] . Hepatic uptake of TKIs can be attributed as a major source of pharmacokinetic variability, which is also recognized as one of the most crucial and complex steps in drug disposition [5] . Currently, various OATP family transporters such as OATP-1B1, -1B3 and -2B1 have been identified and characterized on the sinusoidal membrane of hepatic tissue [1] . However the mechanisms responsible for hepatocellular accumulation of TKIs prior to metabolism and biliary secretion are still largely unexplained. Previous investigations have reported that OATPs, namely, OATP-1B1 and -1B3, are responsible for uptake of TKIs into human liver cells [5] . Uptake of TKIs such as axitinib, lapatinib and sorafenib into human hepatocytes is regulated by OATP-1B1 and/or -1B3. Also, some of the TKIs, namely, pazopanib and lapatinib, are known to inhibit the functional capacity of OATP-1B1 and/or -1B3 transporter proteins [5] . However, there is still a need for a systematic approach to delineate the mechanism involved in hepatic uptake of these TKIs. Because the hepatic system possesses many transporters (both influx and efflux), it is difficult to delineate the affinity of individual transporters toward these TKIs. Hence, it is of utmost importance to estimate the relative contribution of OATP-1B1 and -1B3 in hepatic uptake of TKIs [1] . In the present study, we evaluated the interaction of TKIs (pazopanib, erlotinib, canertinib, nilotinib and vandetanib) with the human OATPs expressed on the sinusoidal membrane of the liver by employing an in vitro model system with wild-type (WT) and transfected Chinese hamster ovary (CHO) cells.
Materials and methods

Chemicals
Pazopanib, erlotinib, canertinib, nilotinib and vandetanib were purchased from LC Laboratories (Woburn, MA, USA). All other chemicals used were of high-performance liquid chromatography grade and were obtained from either Sigma Aldrich (MO, USA) or Fisher Scientific (NH,USA).
In vitro studies Cell lines
CHO cells (passage number 17-50) were selected for all in vitro experiments. WT, OATP-1B1 and -1B3 CHO transfected cells were obtained as a gift from Dr. Bruno Stieger (Department of Clinical Pharmacology and Toxicology, University Hospital Zürich, Zürich, Switzerland). Cells were cultured in Dulbecco's modified Eagle's medium (DMEM), supplemented with 10% heat-inactivated fetal bovine serum, l-proline (50 μg/mL), 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES), penicillin (100 μg/mL) and streptomycin (100 μg/mL), and maintained at 37°C with 5% CO 2 under humidifying conditions. For OATP-1B1-and -1B3-expressing CHO cells, the medium was also supplemented with geneticin (100 μg/mL).
In vitro cellular accumulation studies
Cellular accumulation studies were conducted in 24-well polystyrene plates (Costar Corning, NY, USA). CHO cells (WT and transfected) were plated at a seeding density of 3 × 10 5 cells/well. The medium was changed every alternate day. Cells formed confluent monolayers in 3-4 days. Twenty-four hours before any experiment, the cells were exposed to 10 mM sodium butyrate to induce higher expression of the transfected transporter. On the day of the experiment, the medium was aspirated and cells were rinsed three times with cell assay buffer (116.4 mM NaCl, 5.3 mM KCl, 1 mM NaH 2 PO 4 , 0.8 mM MgSO 4 , 5.5 mM d-glucose and 20 mM HEPES/Tris; pH 7.4) prewarmed at 37°C. The uptake experiment was initiated by adding 0.5 mL of fresh serumfree medium containing 0.25 and 0.5 μM of TKIs (pazopanib, erlotinib, canertinib, nilotinib and vandetanib) in WT as well as OATP-1B type transfected cells. After the cells were incubated for 10 min with TKIs, the uptake solution was aspirated and the cells were washed twice with 2 mL of ice-cold uptake buffer. This resulted in removal of the nonspecifically bound substrate from the membrane as well as arrested further cellular accumulation. Finally, 0.5 mL of fresh DMEM was added to each well and cell lysis was carried out by storing the culture plates overnight at -80°C. On the following day, intracellular drug concentration was quantified using liquid chromatographytandem mass spectrometry (LC/MS-MS) as described in previous publications from our group as well as others [9] [10] [11] [12] [13] . Based on the time points for uptake, the minimum concentrations observed were well beyond the detection limit. The amount of TKIs accumulated was normalized to the protein content in each well with Bradford's re agent (Bio-Rad, CA, USA). All stock solutions were prepared in dimethyl sulfoxide (DMSO) and diluted using medium such that the final DMSO concentration did not exceed 0.5% (v/v).
Estimation of Michaelis-Menten kinetics
To determine the kinetic basis for the differential uptake of OATP-1B1 and -1B3 transporter proteins, concentration-dependent uptake of TKIs was carried out. Using a concentrated stock solution of the TKIs, several working concentrations were prepared ranging from 0.01 to 50 μM in serum-free fresh medium. Uptake was carried out at different concentrations of TKIs in WT, OATP-1B1 and -1B3 transfected CHO cells.
Data analysis
Kinetic parameters of TKI uptake via hepatic OATP-1B1 and -1B3 were calculated with a nonlinear least-squares regression analysis program, KaleidaGraph version 3.5. The data were plotted and fitted to Michaelis-Menten (MM) equation (1), and the maximum transport rate (V max ) and MM constant (K m ) were calculated.
where v is the initial uptake rate, V max is the maximal velocity, K m is the MM constant, and [C] is the total concentration of TKIs.
Cytotoxicity studies
Cell Titer 96 ® Aqueous Non-Radioactive Cell Proliferation Assay Kit (Promega, Madison, WI, USA) was employed to carry out cytotoxicity assay. WT and OATP-1B1 and -1B3 transfected CHO cells were cultured in 96-well plates. Sterile drug solutions of the highest concentration (50 μM) of TKIs were prepared in the culture medium using 0.22-μm nylon sterile membrane filters. Aliquots of TKIs having a volume of 100 μL (previously made in culture medium) were added to each well and incubated for 24 h. Cell proliferation of the cells in the presence of TKIs was compared with a negative control (medium without TKIs) and a positive control (Triton X). Twenty microliters of dye solution was added to each well after 24 h of incubation with TKIs. Cells were then incubated for 4 h in order to complete the reaction of cells with dye. The ultraviolet absorbance of purple formazan formed was quantified at a wavelength of 590 nm with a 96-well micro titer plate reader (SpectraFluor Plus, Tecan, Maennedorf, Switzerland). The toxicity of TKIs in WT and OATP-1B-transfected CHO cells was estimated by the amount of formazan formed, which is directly proportional to the viable cells.
Results
In vitro cellular accumulation of TKIs
Initial in vitro uptake experiments were carried out to determine cellular accumulation of TKIs in WT, OATP-1B1 and -1B3 transfected CHO cells. Cellular accumulation was measured by exposing the WT and OATP-1B1 transfected CHO cells to two different concentrations (0.25 and 0.5 μM) of TKIs. In previously reported results, concentration ranges from 0.1 to 10 μM have been shown to be nonsaturating for OATP-1B1 and -1B3 mediated transport [5] . We performed our studies within these linear nonsaturable ranges and also at concentrations that were well within our detection limit. Also, while studying transportermediated uptakes, we always aim to use as low a concentration as possible so as to limit any toxicity. Hence, on the basis of these considerations, we chose 0. 25 It has been reported previously that OATP-1B3 shares 80% amino acid identity with OATP-1B1. Also, both the OATP isoforms share multiple overlapping substrates, such as rifampicin pravastatin, pitavastatin and docetaxel [14, 15] . In this study, we have also determined the cellular uptake of TKIs at two different concentrations (0.25 and 0.5 μM) in WT and OATP-1B3-transfected cells. Canertinib, nilotinib and vandetanib at both concentrations showed significantly enhanced cellular accumulation in OATP-1B3 transfected cells compared to WT cells (p < 0.01). No difference was observed in cellular accumulation of pazopanib and erlotinib in OATP-1B3 transfected cells compared to WT cells ( Figure 2 ). The highest uptake of canertinib (0.25 and 0.5 μM) was observed, about two (p < 0.01) and five (p < 0.01) times, respectively, in OATP-1B3 transfected cells than the WT cells. A significantly higher uptake of vandetanib and nilotinib was also evident in OATP-1B3 cells than WT (Figure 2 ). No statistically significant changes in cellular accumulation of pazopanib and erlotinib were found between WT and OATP-1B3 transfected cells ( Figure  2 ). Nilotinib and vandetanib showed overlapping substrate specificity toward OATP-1B1 and -1B3, whereas canertinib only showed affinity toward OATP-1B3.
Estimation of MM kinetics
For estimation of MM kinetics, WT and OATP-1B1-and -1B3 transfected CHO cells were incubated with various concentrations (0.01-50 μM) of TKIs. Previous studies have shown time-dependent uptake on similar cell lines to be linear up to 15 min [16] [17] [18] . We incubated our cells for 10 min as it falls within the linear range of uptake as well as gives us concentration that lie well within the detectable range. Figures 3 and 4 clearly demonstrate that carrier-mediated uptake of TKIs via OATP-1B1 and OATP-1B3 is concentration dependent and saturable at higher concentrations. This is the first study where MM kinetic parameters of OATP-1B1 and OATP-1B3 have been evaluated for selected TKIs (canertinib, pazopanib, nilotinib, vandetanib and erlotinib). The values obtained for kinetic parameters have been summarized in Table 1 .
Despite no significant changes in cellular accumulation of canertinib and nilotinib at lower concentrations (0.01-0.075 μM), these drugs showed greater accumulation at higher concentrations (0.1-50 μM) in OATP-1B1 and/or -1B3 cells in comparison to CHO-WT cells. For vandetanib, kinetic parameter were evaluated in the concentration range of 0.01-50 μM. Intracellular accumulation of nilotinib and vandetanib was mediated via OATP-1B1 transporter protein. K m value of 2.72 ± 0.25 μM for vandetanib showed higher affinity toward OATP-1B1 transporter than nilotinib (K m = 10.14 ± 1.91 μM). Three TKIs (vandetanib, nilotinib and canertinib) appeared to have affinity toward OATP-1B3. The affinity of these TKIs toward OATP-1B3 transporter was in the following order: vandetanib > nilotinib > canertinib (K m = 4.37 ± 0.79, 7.84 ± 1.43 and 19.87 ± 2.20 μM, respectively). Also, vandetanib showed greater affinity toward OATP-1B1 than OATP-1B3 transporter protein, whereas nilotinib showed higher affinity for OATP-1B3 than OATP-1B1. Canertinib exhibited its affinity only toward OATP-1B3. V max values of both the hepatic uptake transporters for TKIs were calculated and summarized in Table 1 . No statistically significant cellular accumulation was observed for pazopanib and erlotinib in OATP-1B1-and -1B3-transfected cells in comparison to WT cells.
Cytotoxicity studies
To evaluate the cytotoxic effect of the selected TKIs, a cell proliferation assay was performed on cell monolayers of WT and transfected CHO cells for a period of 24 h. No cytotoxic effects of pazopanib, erlotinib, canertinib, vandetanib and nilotinib at a concentration of 50 μM were B l a n k C a n e r t i n i b N i l o t i n i b V a n d e t a n i b P a z o p a n i b E r l o t i n i b T r i t o n X OATP-1B3 OATP-1B1 WT 
Discussion
In the present study, we investigated the role of OATP family transporters in the hepatic uptake process of TKIs. This work also estimated the contribution of OATP-1B1 and -1B3 in hepatocellular accumulation of TKIs with in vitro model-based systems. For uptake transporter analysis, we utilized CHO cells, WT as well as transfected with specifically expressing OATP transport protein. CHO cells were originally selected for the transfection because of the lack of expression of this family of proteins in the parent cell line, resulting in minimal background activity. Also, these cells can be maintained in culture for sustained periods and can be ready for use in a specific experiment within a few days. Our findings are in partial agreement with the study done by Zimmerman et al. [5] , where the authors reported the uptake of nilotinib (only at 0.1 μM) in HEK293 cells expressing OATP-1B1 and -1B3 and uptake of vandetanib (only at 0.1 μM) via OATP-1B3 transporter. Similar results were observed in the in vitro cellular accumulation studies performed, demonstrating the uptake of nilotinib and vandetanib via OATP-1B1 and -1B3 transporter proteins. Zimmermann et al. [5] also reported the uptake of pazopanib in cells expressing OATP-1B1 and -1B3 at a concentration of 0.1 μM and no statistically significant uptake of vandetanib (0.1 μM) in cells expressing OATP-1B1 transporter protein. Conversely, our findings demonstrate that there is no active involvement of OATP-1B1 and -1B3 in intracellular accumulation of pazopanib, whereas uptake of vandetanib in hepatic tissue is mediated via OATP-1B1 and -1B3. These contrasting results suggest that utilization of different concentration of TKIs and in vitro model-based systems may affect the cellular accumulation of TKIs via OATP and can lead to misinterpretation of the role of OATPs in cellular accumulation of TKIs. The current concentrations used in this article (0.25 and 0.5 μM) were selected on the basis of previously published results for in vitro uptake studies of TKIs and their toxicity for CHO cells. The concentration ranges used were close to clinically observed C max values but may not exactly mimic tissue concentration in the clinic. These studies act as a proof of concept, but further studies may be needed to make the data more clinically relevant. It has been already reported that the TKIs are substrates of efflux transporter proteins such as P-glycoprotein (P-gp), multidrug resistance-associated protein (MRP) and breast cancer resistance protein (BCRP) [10, 11, [19] [20] [21] [22] . These efflux transporters are also expressed in the bile canalicular membrane and are responsible for excretion of drug and their metabolites from blood into bile. The membrane transporters (OATPs) along with efflux transporters and metabolizing enzymes play a vital role in hepatic disposition of drugs. Seithel et al. reported that coadministration of pravastatin together with macrolides (clarithromycin and roxithromycin) results in increased plasma concentration of pravastatin. It is a substrate for OATP-1B1, -1B3 and CYP3A4, whereas clarithromycin and roxithromycin are inhibitors of OATP-1B1, -1B3 and CYP3A4. Because pravastatin is not extensively metabolized and is excreted almost unchanged into bile and urine, these DDI studies suggest the major involvement of hepatic uptake transporters than metabolizing enzymes for macrolideinduced altered plasma concentration of pravastatin [23] . Similarly, Backman et al. demonstrated that coadministration of cerivastatin and simvastatin (OATP-1B1 and CYP2C8 substrate) together with gemifibrozil resulted in a sixfold rise in the cerivastatin and simvastatin exposure. Such increase in plasma concentration of cerivastatin and simvastatin was due to the inhibitory potency of gemifibrozil on OATP-1B1 [24, 25] . Uptake of drugs mediated via OATP can be considered as an important additional mechanism essential for DDIs [26] . Unlike statins, information on the role of hepatic uptake transporters (OATP-1B1 and -1B3) for TKIs is very sparse. Thus, it is of utmost importance to understand the role of OATPs in hepatocellular accumulation of TKIs. The results obtained from in vitro cellular accumulation studies suggest for the very first time the involvement of OATP-1B1 and/or OATP-1B3 in hepatocellular accumulation of TKIs (canertinib, nilotinib and vandetanib). This article is the first to report the affinity of selected TKIs for OATP-1B1 and/or -1B3 by estimating the MM kinetic parameters. These findings suggest that OATP-1B1 exhibits greater affinity toward vandetanib than nilotinib. The ratio of these kinetic parameters (V max /K m ) provides an estimate of the catalytic efficiency of OATP-1B1 transporter. The transport efficiency (V max /K m ) of OATP-1B1 transporter was observed for nilotinib and vandetanib as 0.68 and 27.92 mL/mg protein per minute, respectively. While comparing the efficiency values, OATP-1B1 transport efficiency was found to be higher for vandetanib than nilotinib. No significant changes in uptake of canertinib, pazopanib and erlotinib were observed in WT and OATP-1B1 transfected cells. Similarly, for OATP-1B3 transporter protein, the ratio of V max /K m provides an estimate of the catalytic efficiency of OATP-1B3 transporter. Such transport efficiency (V max /K m ) of OATP-1B3 transporter observed for canertinib, nilotinib and vandetanib was 1.25, 0.86 and 44.31 mL/mg protein per minute, respectively. OATP-1B3 transporter exhibits the highest transport rate for vandetanib than nilotinib and canertinib. In pazopanib and erlotinib, no significant difference was observed in uptake values of WT and OATP-1B3, suggesting that OATP-1B3 transporter does not play a major role in their hepatic accumulation. On comparing the K m values of OATP-1B1 and -1B3 transporter for nilotinib, it is apparent that nilotinib exerts higher affinity toward OATP-1B3 relative to OATP-1B1, whereas, V max values of OATP-1B1 and -1B3 are comparable to nilotinib. These MM kinetic parameters play an important role in determining the differential transport efficiency of OATP-1B1 and -1B3 in hepatic uptake of nilotinib. A distinction in K m values of OATP-1B1 and -1B3 for nilotinib can be attributed as the primary driving force in determining its transport efficiency, as no difference was observed in V max values of both the OATP-1B type transporters. The difference in the transport efficiencies (V max /K m ) of OATP-1B1 and -1B3 was not very large, suggesting equal involvement of both the OATPs in the hepatic uptake of nilotinib. On comparing K m values, vandetanib exhibits higher affinity toward OATP-1B1 than -1B3. Higher V max values were observed for OATP-1B3 (∼2.6-fold) than -1B1. Large differences in V max have a significant contribution in determining the substrate specificity of vandetanib for OATP-1B1 and -1B3. The transport efficiency (V max /K m ) of OATP-1B3 for vandetanib showed approximately twofold difference than -1B1, showing greater contribution of OATP-1B3 than -1B1 in hepatic uptake of vandetanib. Therefore, hepatic uptake of vandetanib and nilotinib is tightly regulated by OATP-1B1 and -1B3, which act as two gatekeepers localized on the liver. Hence, OATP-1B1 and -1B3 can be considered as important factors in determining pharmacokinetics or DDIs of vandetanib and nilotinib. For canertinib, only OATP-1B3 was observed to be responsible for its hepatic uptake and it can act as a key determinant in the bioavailability of canertinib. These results though act mainly as a proof of concept, and the actual rate constants in humans may vary based on various physiological and pathological conditions resulting in altered expression of these transporters within the liver.
Interindividual pharmacokinetic variability can arise at many stages of ADME. For individual therapy, dosing strategies can be based on pharmacokinetic properties. Decisive tailoring of individual dosing to a patient necessitates minimizing these interindividual pharmacokinetic differences and reducing the risks of both toxicity and subtherapeutic dosing [7] . Till now, most of the studies performed with TKIs have not considered the affinity of hepatic uptake transporters as a determinant of pharmacokinetic profiles of TKIs. Interindividual pharmacokinetic variability has been associated with OATP-1B1 and -1B3 genetic polymorphisms in patients taking statins and irinotecan [18, 27] . Expression and involvement of these OATP-1B-type isoforms in liver has important implications for better understanding of the factors governing ADME of TKIs. Any compromise in the activity of OATP-1B-type transporter proteins will result in suboptimal treatment or high toxicity considering the wide interindividual pharmacokinetic variability of the tested TKIs. As vandetanib and nilotinib exhibit substrate specificity toward OATP-1B1 and -1B3, these results led us to the hypothesis that an inactive phenotypic variant of OATP-1B type transporter may determine the clinical pharmacokinetics of these TKIs.
Previously published reports have only considered the role of efflux transporters and metabolizing enzymes in determining the pharmacokinetic profile of TKIs [10, 11, 14, [28] [29] [30] [31] . In this study, we have observed that a carrier-mediated uptake process via OATP-1B1 transporter is involved in cellular accumulation of nilotinib and vandetanib in hepatic tissue. Also, OATP-1B3 is responsible for hepatocellular accumulation of canertinib, vandetanib and nilotinib. OATP-1B1 and/or -1B3 regulate the initial step of hepatic elimination of TKIs by carrying out the uptake of selected TKIs into the hepatic tissue, exposing the molecules to CYP enzyme-mediated metabolism and elimination via biliary secretion. These OATPs expressed on the basolateral membrane of hepatocytes will induce uptake of TKIs and can be regarded as one of the determinants of the overall metabolic rate of TKIs in the liver [4] . An efficient directional movement of therapeutic agents across hepatic tissues requires the manifestation and synchronized activity of hepatic uptake, metabolizing enzymes and efflux transporters [32] . Duckett and Cameron [33] reported that coadministration of ketoconazole (CYP3A4 and P-gp inhibitor) with nilotinib resulted in threefold increase in the plasma concentration of nilotinib. Ketoconazole is also a well-known inhibitor of OATP-1B type transporters [34] , and we have shown that OATP-1B1 and -1B3 transporters are responsible for the hepatic uptake of nilotinib. Therefore, the threefold increase in the plasma concentration of nilotinib may not be just due to the inhibition of efflux transporter and metabolizing enzyme but also could be due to inhibition of OATP-1B type transporter. OATP-1B1 and -1B3 transporters also play a vital role in the hepatic uptake of nilotinib, making it vulnerable to metabolism by CYP3A4 and ultimately causing its elimination by biliary secretion via P-gp. As a major fraction of nilotinib is eliminated in the feces in unchanged form, suggesting that the transmembrane localization of nilotinib by OATPs in the liver has a major impact on its pharmacokinetics than metabolization. Similarly, Minocha et al. [11] reported that the coadministration of vandetanib and everolimus resulted in increased plasma concentration of vandetanib. Everolimus increases the plasma concentration of vandetanib by inhibiting efflux transporters (P-gp and BCRP), which are also localized on the bile canalicular membrane. Everolimus is also a well-known inhibitor of OATP-1B1 and -1B3 transporters, which are responsible for hepatocellular accumulation of therapeutic agents. In this article, we have reported the involvement of OATP-1B1 and -1B3 in the hepatic uptake of vandetanib. Taken together, it is reasonable to assume that elevation in plasma concentration of vandetanib is not only due to the inhibition of P-gp and BCRP but also due to inhibition of OATP-1B1 and -1B3 by everolimus. Complex interplay of OATPs (localized on the basolateral membrane of hepatic tissues) and efflux transporters (expressed on the bile canalicular membrane) may be responsible for the hepatobiliary excretion of TKIs. Inhibition of TKI uptake via hepatic OATPs by coadministration of drugs that are also substrates or inhibitors of these hepatic uptake transporters is a plausible explanation for several in vivo observed DDIs. Inhibition of metabolizing enzymes and/or efflux transporter could not be the only cause of the experimental effects. Drug-induced alteration of OATP-1B1 and -1B3 transporter function is, therefore, an essential auxiliary mechanism underlying DDIs [26] .
OATP-mediated DDIs have the potential to completely influence drug efficacy and toxicity. Therefore, coadministration of canertinib, vandetanib and nilotinib (OATP-1B1 and/or -1B3 substrates) along with other hepatic OATP substrates/inhibitors (paclitaxel, cyclosporine, protease inhibitors, rifampicin, statins, telmisartan, valsartan, mTOR inhibitors, antibiotics etc.) may result in altered pharmacokinetics and pharmacodynamics of TKIs. However, induction of the expression of hepatic OATPs can also result in increased detoxification and elimination of numerous OATP-1B1 and -1B3 substrates from the body [14, [35] [36] [37] . The pharmacokinetic profile of TKIs is likely to be modified in subjects with hepatic impairment, as TKIs are primarily eliminated via hepatic metabolism and biliary excretion. Downregulation of OATP-1B-type transporter protein in liver disease has been reported by Keitel et al. and Oswald et al. [38, 39] . Also, reduced expression of OATP-1B1 and -1B3 in liver cancer compared to noncancerous liver tissues has been reported by various investigators [40] [41] [42] . For the hepatically impaired population, dose reduction of nilotinib has been proposed along with recommendation of lower starting dose and monitoring of any liver function abnormalities [43, 44] . Also, the dose of vandetanib in patients with moderate and severe hepatic impairment has not been recommended as its safety and efficacy has not been established [43, 44] . In vitro accumulation studies along with estimation of MM kinetic profiles confirms the role of OATP-1B1 and -1B3 in hepatic uptake of nilotinib and vandetanib. On the basis of our findings along with already published reports mentioned above, we can hypothesize that higher plasma concentration of nilotinib or other TKIs in patients with hepatic impairment can be attributed to compromised/downregulated expression of OATP-1B1 and -1B3 transporters, which can be responsible for any alteration in the pharmacokinetic profile of nilotinib or other TKIs. Similar findings have been reported by Zimmerman et al., showing the involvement of OATP-1B1 and-1B3 in hepatic elimination of sorafenib and longer systemic accumulation due to compromised activity of OATP-1B-type transporter protein [5] .
In conclusion, we have shown that OATP-1B1 and OATP-1B3 are responsible for hepatocellular accumulation of nilotinib and vandetanib, whereas only OATP-1B3 is responsible for the carrier-mediated uptake of canertinib in hepatic tissue. These findings delineate the involvement of OATP-1B1 and/or -1B3 in hepatic uptake of tested TKIs and confirms the affinity of these hepatic uptake transporters as a determinant of the pharmacokinetic profile of TKIs. As coadministration of TKIs with other therapeutic agents is becoming common in multidrug therapy, hepatic uptake transporters OATP-1B1 and -1B3 can be regarded as important molecular targets for potential DDIs. Thus, hepatic uptake mediated by OATP-1B1 and -1B3 for selected TKIs should be dynamically scrutinized in order to circumvent DDIs. These transporters, in conjunction with the efflux proteins, may eventually decide on the overall flux of the TKIs within the hepatic tissue. These studies act as a proof of concept substantiating the need for further clinical studies investigating the OATPbased DDI potential of TKIs. Further in vivo studies are required for better understanding of the contribution of OATP-1B1 and/or -1B3 transporter proteins in the hepatic disposition of TKIs and for predicting any adverse drug reactions associated with DDIs.
